ABSTRACT In this paper, a spectrum sharing communication system with wireless energy harvesting is investigated at finite blocklength regime over Rayleigh quasi-static block-fading channels. We analyze the error probability and average delay of the secondary user (SU). The closed-form approximations for the SU error probability and average delay are derived, as functions of the number of channel uses in its information transfer phrase. Under the error probability constraint of the primary user (PU), we investigate the power constraint on the SU. Meanwhile, the error probability and energy supply constraints on the SU are also explored. Numerical results demonstrate that the approximation is very tight for a wide range of signalto-noise ratio (SNRs). The existence of an optimum number of channel uses for SU information transfer is also verified. Moreover, under the error probability constraint of PU, the SU maximum transmit power is validated to increase with the length of an entire block. In addition, for a given target error probability, we show that the SU error probability constraint can be satisfied within the boundary numbers of channel uses in its information transfer phrase. Finally, the energy supply probability is shown as the harvested energy in each channel use with independent and exponential distribution.
I. INTRODUCTION
In some applications of 5G, such as autonomous vehicles, factory automation and tactile internet, the information is usually transmitted in short packets [1] . However, the Shannon capacity is not achievable when the transmitted packets are short. In comparison to the Shannon capacity regime, a new performance metric has been proposed at the finite blocklength regime [2] , which presents many new research opportunities with wide applications.
A. RELATED WORKS
Spectrum is always a scarce valuable resource in the development of wireless communication. Spectrum shortage is still a critical obstacle in 5G system. To settle the spectrum shortage problem, the spectrum sharing scheme has been used as a promising solution [3] . In general, the spectrum sharing refers that unlicensed secondary users (SUs) are allowed to access the spectrum allocated to licensed primary users (PUs) under the premise of not deteriorating the performance of PUs.
Simultaneous transmission is an approach to exploiting the idea of spectrum sharing. The simultaneous transmission means that SUs can simultaneously coexist with PUs as long as the PU performance requirements are satisfied [4] . In this paper, we mainly consider the simultaneous transmission technique of spectrum sharing.
Besides, wireless energy harvesting has recently attracted much interest in research since it can significantly prolong the operational lifetime of wireless networks. Wireless devices can harvest energy from the ambient radio-frequency (RF) signals by wireless energy harvesting technique. The work in [5] described that wireless energy harvesting is potential for future communication paradigms such as the Internet of Things, where powering a massive number of devices will be a major challenge. The work in [6] introduced two energy harvesting protocols, namely, save-and-transmit and best-effort-transmit. The save-and-transmit protocol refers that the receiver first saves energy and then transmits its information. In the best-effort-transmit protocol, on the other hand, the receiver starts its information transmission right away without a saving period. Moreover, since RF signals can carry both energy and information, simultaneous wireless information and power transfer (SWIPT) was investigated by many scholars [7] , [8] . In addition, Ozel and Ulukus [9] analyzed point-to-point communication of wireless energy harvesting and studied the impact of stochastic energy arrivals for additive white Gaussian noise (AWGN) channel in an information-theoretic framework.
Furthermore, spectrum sharing with wireless energy harvesting has been recently investigated in the literature. Zhai et al. [10] studied the cooperative spectrum sharing system with wireless energy harvesting, where the PU harvested energy from the SU and its access point. Zhai et al. [11] studied opportunistic spectrum sharing with wireless energy harvesting in a large-scale stochastic network. The work in [12] studied a secondary wireless powered communication network shared the same spectrum for its downlink wireless energy harvesting with an existing primary communication link. Zhai [13] proposed an efficient relaybased spectrum sharing protocol in wireless networks, where the SU could implicitly harvest the RF energy from the PU transmissions, and by using the harvested energy the SU could realize its own information transmission. Ma et al. [14] investigated the spectrum sharing problem of a RF-powered wireless network, where a multi-antenna SU harvested energy from RF signals radiated by a PU to boost its available energy before information transmission. The work in [15] analyzed a new full duplex cooperative spectrum sharing network with wireless energy harvesting.
As a common point, all the above studies are under the Shannon capacity regime, where the length of blocks are assumed to be infinite. In comparison to the Shannon capacity regime, spectrum sharing with short packets has been recently analyzed in literature. Throughput achieved in a spectrum sharing network with finite blocklength codes under buffer limitation was studied in [16] . Makki et al. [17] used some recent results on the achievable rates of finite blocklength codes to analyze the SU throughput of a spectrum sharing network with a constraint on the PU codeword drop probability. Besides, wireless energy harvesting with short packets was investigated in [18] - [20] . At finite blocklength regime, the work in [18] derived the energy supply probability and the achievable rate of a wirelessly-powered communication system where a RF energy harvesting node communicated with a receiver over an AWGN channel. The throughput and delay metrics were investigated for short packets in a dual-hop energy constrained relaying network [19] . And the error probability and delay at finite blocklength regime were studied under a quasi-static Nakagami-m fading channel in a wireless system with wireless energy harvesting in the downlink [20] .
B. CONTRIBUTION AND ORGANIZATION
Differently from the above works, this paper analyzes the performance of a spectrum sharing communication system with wireless energy harvesting at finite blocklength regime over Rayleigh quasi-static block-fading channels. In the system, a primary transmitter (PT) transmits its information to a primary receiver (PR) continuously and a secondary transmitter (ST) can first harvest energy from the PT by wireless energy harvesting and then use the harvested energy to communicate with a secondary receiver (SR) under a saveand-transmit protocol. We mainly analyze the error probability 1 and average delay of SU. We derive a closed-form approximation for the error probability at SR, as a function of the number of channel uses in SU information transfer phrase, and validate its tightness for a wide range of signal-to-noise ratios (SNRs) through simulation. The approximate average delay of SU is also deduced based on the error probability at SR. Besides, considering the error probability constraint of PU, we study the power constraint on the SU. Meanwhile, the error probability and energy supply constraints on the SU are also explored. Numerical results demonstrate the existence of an optimum value of the number of channel uses in SU information transfer phrase for the error probability and average delay of SU. Moreover, the error probability and average delay of SU increase with its transmission information. Furthermore, the ST maximum transmit power increases with the length of an entire block. Finally, the energy supply probability is shown as the harvested energy in each channel use with independent and exponential distribution.
The rest of this paper is organized as follows. The system model and assumptions are described in Section II. Section III first analyzes the SU performance in terms of its error probability and average delay at finite blocklength regime, and then discusses the constraints on SU. Numerical results are presented in Section IV. Finally, the paper is concluded in Section V.
II. SYSTEM MODEL AND ASSUMPTIONS
We consider a spectrum sharing system comprised of a PU pair and a SU pair. The PU pair consists of a PT and a PR. The SU pair consists of a ST and a SR. The PT, PR and SR are assumed to be externally powered, whereas the ST is constrained in energy supply with an energy harvesting component and infinite battery. Each terminal is assumed to be equipped with one single antenna and operate in halfduplex mode. Rayleigh quasi-static block-fading channels are assumed, where fading process is considered to be constant over the transmission of a block and independently and identically distributed from block to block. We denote the channel coefficients between the PT and ST, the ST and SR, the PT and SR, the ST and PR, the PT and PR by h 1 , h 2 , h 3 , h 4 , and h 5 , respectively. Moreover, let G i = |h i | 2 , i ∈ {1, 2, 3, 4, 5}, which are denoted as channel gains and assumed to be independent of each other. In addition, the distances from the PT to the ST, from the ST to the SR, from the PT to the SR, from the ST to the PR, from the PT to the PR are respectively denoted by d 1 As illustrated in Fig.1 , the PT transmits primary information to its PR over the duration of one entire block, and the ST leverages first m channel uses to harvest energy by overhearing from the PT and saves the energy to its battery, then utilizes n channel uses to transmit secondary information to its SR. In this way, we consider that each block spans over s = m + n channel uses. The duration of each channel use is denoted by T c , while T = s · T c is the duration of one entire block. We assume that the ST uses a saveand-transmit protocol, and only when the ST has harvested enough energy could it transmit its information. Moreover, the transmit power of ST should be constrained to reduce the harmful interference to the PR. To achieve this, there are some techniques that can be utilized, such as MIMO [14] . In this paper, the maximum transmit power of ST is limited by the PU information transfer blocklength, i.e. the length of one block. Besides, when the ST transmits its information to the SR, the SR has to suffer the interference from the PT. Furthermore, perfect channel state information (CSI) at the receivers is assumed.
A. ENERGY HARVESTING PHASE OF THE SU
In this phrase, the ST harvests energy from the PT over m channel uses. The energy harvested at ST is given by
where i is the index of the block, P PT is the transmit power of PT, 0 < η < 1 is the energy conversion efficiency which is related to the energy-harvesting rectifier circuit, α is the path loss exponent. Note that E ST ,i should be large enough to satisfy the energy requirement of ST for information transmission (for simplicity, we ignore the circuit power consumption here). In addition, we assume that the energy harvested from noise can be ignored since it is negligibly small. We assume that the harvested energy in each channel use is independently and exponentially distributed, and its probability density function (PDF) in each channel use is given by f (x) = λ i e −λ i x , where λ
represents the average harvested energy in a channel use. So in the i-th block, the cumulative distribution function (CDF) of the harvested energy at ST is obtained as
The transmit power of ST is given by
which cannot increase without limit, in order to ensure the performance of PU.
B. INFORMATION TRANSFER PHASE OF THE SU
After the energy harvesting phase, the information transfer phase follows. The ST uses the harvested energy to transmit a message of K S nats to the SR over n channel uses. The signal received at SR can be written as
where x ST ,i is the SU input messages with zero-mean and unit-variance, n SR,i is the additive white Gaussian noise at SR with normal distribution N (0, σ 2 SR ). Thus, the instantaneous signal-to-interference-and-noise ratio (SINR) at SR is
where
3 denotes the interference from the PT to the SR.
III. PERFORMANCE AT FINITE BLOCKLENGTH
In this section, we first analyze the performance of SU at finite blocklength. Then, considering the error probability constraint of PU and SU as well as the ST harvesting enough energy, we study the constraints on the SU including power constraint, error probability constraint and energy supply constraint.
We analyze the SU performance in terms of error probability and average delay. The error probability ε is given by [21] 
where the Q-function is given by
e −t 2 /2 dt. C(γ ) = log(1 + γ ) is the Shannon capacity, where log(·) represents the natural logarithm. L, in channel uses, is the blocklength. R = K L , in nats per channel use (npcu), is the channel coding rate, where K is the information nats. In addition, V is the channel dispersion, which measures the stochastic variability of the channel relative to a deterministic channel with the same capacity [2] . Note that (6) is just an approximation when L is large enough [2] , e.g. L ≥ 100.
For the PU, the error probability ε PR at PR is obtained as
, is the SINR at PR, R P = K P s denotes that the PT transmits K P nats information with channel coding rate R P to the PR over s channel uses. For the SU, the error probability ε SR at SR is obtained as
where R S = K S n . Given that the ST transmits K S nats information to the SR with channel coding rate R S over n channel uses in one block, as illustrated in Fig. 1 . In order to obtain the average delay, the effective transmission rate r can first be given by
Thus for the SU, the corresponding average delay is obtained as
which is measured in the number of channel uses.
A. ERROR PROBABILITY ANALYSIS OF THE SU
By some novel changes, (9) can be transformed into
According to (7), we have V ≤ 1. By substituting V = 1 into (12), it can be approximated as (13) . Note that V equals to 1 for moderate or high SNR. But V goes to 1 fast as SNR increases.
Besides, it is easy to know that
and (12) are decreasing and increasing with V , respectively. So (12) is also upper-bounded by (13) .
In the following, we analyze the SU error probability in the form of (13) . We only consider the transmission process of one block here. let m = s − n, in this way, (13) can be transformed into
where a =
When a > 1 and K S < 2sa, for the given K S and s, it is easy to get a point n * of the f (n) = 0. Moreover, if n < n * , f (n) increases with n, and if n > n * , f (n) decreases with n. As for (15) , the monotonicity is contrary to f (n) with n. So the minimum of ε SR can be found at the point of n = n * .
Proof: See proof of the properties of (16) in Appendix. For the given n, and if s is fixed, it is easy to know that ε SR and f (n) are increasing and decreasing function of K S . So the reliability will be lower when the transmission information increases.
B. AVERAGE DELAY ANALYSIS OF THE SU
According to (11) , the average delay is related to the span of an entire block and error probability. To be specific, the average delay increases with the length of one block for a given error probability and also increases with error probability for the fixed one-block length.
We still consider the transmission process of one block. Similarly from (12) to (15) , the form of (11) can be transformed into
As analyzed in (15) , when a > 1 and K S < 2sa, for the given K S and s, τ first decreases with n < n * , and then increases with n > n * . So the minimum of average delay can also be found at the point of n = n * .
Likewise, for the given n, and if s is fixed, τ is increasing with K S . Thus the average delay will be longer if the transmission information becomes more.
C. CONSTRAINTS ON THE SU 1) POWER CONSTRAINT
We assume that ε P0 represents the PU error probability constraint here, i.e. ε PR ≤ ε P0 . According to (8) , the error probability constraint can be written as
which can be approximated as follows just like from (12) to (13)
Besides, it is straightforward to show that the upper bound of the PU error probability is made less than ε P0 in (19) . In addition, since Q-function monotonously decreases with γ PR , thus
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The maximum transmit power of ST P ST ,max can be derived from (20) as follows
It is clear that there is a positive correlation between P ST ,max and ε P0 , so the maximum transmit power of ST should be controlled to satisfy a smaller error probability requirement of PU. Besides, P ST ,max increases with s for the PU target error probability, so the blocklength cannot be too long to satisfy the power constraint. The conclusion is demonstrated by simulation in Section IV. In addition, Q −1 (·) represents the inverse Q-function.
2) ERROR PROBABILITY CONSTRAINT
We consider ε SR ≤ ε S0 , where ε S0 represents the target error probability of SU. Thus according to (15) , we have
Due to the monotonicity of the f (n) function, it is straightforward to show that there should be boundary values n b for the given target error probability. Unfortunately, the general closed-form for n b cannot be derived. Therefore, it is investigated by simulation in Section IV.
3) ENERGY SUPPLY CONSTRAINT
The SU is limited by the energy supply. The ST can transmit its information, only when it has harvested sufficient energy. According to (2), we have
which represents the energy supply probability in the transmission of one block. Thus it can be concluded that the energy supply will be satisfied as m increases. We verify the conclusion in Section IV by simulation.
IV. NUMERICAL RESULTS
Next we present numerical results for the error probability and average delay based on the performance analysis in Section III. Unless otherwise stated, we assume that the PT transmit power P PT = 1 W. The energy conversion efficiency is considered as η = 0.5, as in [19] and [20] . We also assume that the distances [19] . Furthermore, in all figures, we consider Rayleigh quasi-static block-fading channels. Fig. 2 shows the error probability at SR given in (12) and (13) by setting n = 100 channel uses or n = 400 channel uses, and R S = 1 npcu or R S = 2 npcu. As shown in the figure, the approximation, i.e. (13), is very tight for all ranges of SU SNRS. Thus, since the approximate value and the exact value are almost indistinguishable, in all subsequent results they will be plotted as a single curve to reduce clutter in the figures. 3 shows the ε SR given in (15) with 100 ≤ n ≤ 2000 without considering the constraints on the SU. Here, the results are obtained for K S = 116 nats, K S = 216 nats and K S = 316 nats. We can note that ε SR first decreases with n and then increases with n. The minimum value of ε SR can be got at an optimum point n * , which changes for different K S . Moreover, as illustrated in Fig. 3 , ε SR is increasing with the value of K S for the same n, which is in line with the performance analysis in Section III-A, that is, the reliability will be lower when the transmission information of SU increases. Besides, Ultra-reliable and low-latency communication (URLLC) has been identified as one of the key scenarios for 5G, which is strict with the error FIGURE 3. The SU error probability vs SU information transfer blocklength, i.e. the number of channel uses in SU information transfer phrase.
probability, eg. 10 −7 . The requirement of URLLC (1e-7) could be satisfied with the SU transmission information K S decreasing for an optimum n. So the the requirement of URLLC is very challenging but promising. Fig. 4 shows the SU average delay τ given in (17) with 100 ≤ n ≤ 2000 without considering the constraints on the SU. Here, the results are obtained by setting K S = 116 nats, K S = 216 nats and K S = 316 nats. Taking the black curve in Fig. 4 as an example, we can observe that the change of τ is extraordinarily small from n = 100 channel uses to n = 900 channel uses, since the value of ε SR is very small ranging from n = 100 channel uses to n = 900 channel uses as previously shown in Fig. 3 , and correspondingly the denominator of (17) is always close to 1. Even though the monotonicity is not very obvious in Fig. 4 , the minimum of τ still exists at the point n * in contrast to ε SR . Furthermore, as shown in Fig. 4 , we can also see that τ increases with the value of K S for the same n, which is consistent with the performance analysis in Section III-B, that is to say, the average delay will be longer if the transmission information of SU increases. In addition, Fig. 5 studies the average delay given in (11) with 200 ≤ s ≤ 2000. The target error probability ε S0 is set to be 10 −3 , 10 −5 and 10 −7 here. We consider that the duration of each channel use is still 2 µs and the unit of the average delay via (11) is ms here. Firstly, we can observe that the average delay is increasing as s continually increases for each target error probability. Secondly, we can easily find that the average delay also increases with the value of ε S0 for the same s. Moreover, when ε S0 decreases, the average delay changes much less as shown in Fig. 5 for ε S0 = 10 −5 and ε S0 = 10 −7 .
In Fig. 6 , we plot the maximum transmit power of ST given in (21) with the PU information transfer blocklength, i.e. the length of one block, for PU target error probabilities with 10 −3 and 10 −4 . Here, the results are obtained by setting K P = 300 nats. As shown in Fig. 6 , we can note that the P PT ,max for ε P0 = 10 −3 is larger than for ε P0 = 10 −4 for the same s. In this way, there is a positive correlation between the ST maximum transmit power P ST ,max and the PU target error probability ε P0 for the same s. So the maximum transmit power of ST should be controlled to satisfy a smaller error probability requirement of PU. Besides, it is easy to observe that P PT ,max increases with s. We can conclude that there is a maximum value of s to meet the power constraint and the maximum s will be larger under a smaller error probability constraint of PU. For example, we assume that a threshold is 0.1 W, in this way, the corresponding maximum s is around 2500 channel uses for ε P0 = 10 −3 , while for ε P0 = 10 −4 is around 3300 channel uses.
Moreover, Fig. 7 studies error probability constraint on the SU with 100 ≤ n ≤ 2000 for ε S0 = 10 −4 . The results are obtained by setting s = 1600 channel uses, s = 2000 channel uses, and s = 2200 channel uses. As shown in Fig. 7 , there are intersections of the black dotted curve and colored solid curves, which illustrates there are the boundary values. The values of colored solid curves above the black dotted curve satisfy the requirement of target error probability of ε S0 = 10 −4 . Taking the red solid curve as an example, the boundary points are around n = 300 channel uses and n = 500 channel uses, so in order to satisfy the requirement of ε S0 = 10 −4 , n should be between n = 300 channel uses and n = 500 channel uses.
Finally, Fig. 8 illustrates the energy supply probability given in (23) with the SU energy harvesting blocklength m. Here, we set P PT = 0.5 W, P PT = 1 W and P PT = 2 W. As seen in Fig. 8 , we can observe that the energy supply probability P es increases with m for different PT transmit powers. So we can conclude that the energy supply will be satisfied as m increases. Taking the black curve as an example, i.e. for P PT = 2 W, when m is 200 channel uses, the energy supply probability is about 1, which can be considered to have harvested enough energy. Besides, it is easy to find that m is less for P PT = 1 W than P PT = 0.5 W, and similarly m is less for P PT = 2 W than P PT = 1 W. In this way, it can be concluded that the energy supply probability is easier to be satisfied when the PT transmit power is larger.
V. CONCLUSION
We analyze the performance of a spectrum sharing system with wireless energy harvesting at finite blocklength regime. The system consists of one PU pair and one SU pair, where the PT transmits information to its PR continuously and the ST first harvests RF energy from the PT and then transmits information to its SR by using the harvested energy. We derive the approximate expressions of the SU error probability and average delay with the number of channel uses in its information transfer phrase. Moreover, the power, error probability and energy supply constraints are investigated. Numerical results show the tightness of the approximation for a wide range of SNRs. The existence of an optimum number of channel uses for SU information transfer is also verified. The error probability and average delay of SU is shown to increase with its transmission information nats. And the SU maximum transmit power is proven to increase with the PU information transfer blocklength, i.e. the length of an entire block. In addition, for a given target error probability, we demonstrate that the SU error probability constraint can be satisfied within the boundary numbers of channel uses in its information transfer phrase. Finally, the energy supply probability with the SU energy harvesting blocklength is presented. 
